A previous altimeter wind speed retrieval algorithm was developed on the basis of wind speeds in the limited range from about 4 to 14 ms '. In this paper, we use a new approach which gives a wind speed model function applicable over the range 0 to 21 ms. The method is based on comparing 50 km along-track averages of the altimeter normalized radar cross section measurements with neighboring off-nadir scattcrometcr wind speed measurements. The scatterometer winds are constructed from 100 km binned measurements of radar cross section and arc located approximately 200 km from the satellite subtrack. The new model function agrees very well with earlier versions up to wind speeds of 14 mst but differs significantly at higher wind speeds. We discuss the relevance of these results to the Geosat altimeter launched in March 1985.
INTRODUCTION
Collection of an adequate in situ data base from which to develop algorithms for retrieval of geophysical parameters is a long-standing problem in satellite remote sensing of the ocean. This is particularly true for the satellite radar altimeter which measures backscattered microwave radiation from only a single circular cell at satellite nadir (the point on the ocean surface directly beneath the satellite). In this paper, we are concerned with altimeter measurements of wind speed which can be inferred from the power of the backscattered signal [Brown el al., 1981; Fedor and Brown, 1982; Chelton and McCabe, 19851 . The number of measurements "coincident" with in situ data (usually defined to be within 1 hour and 100 krn) is far fewer for the altimeter than for satellite sensors such as the scatterometer and passive microwave radiometer which measure the sea surface over many cells across a swath width of 500-1500 km. Thus, development of a reliable wind speed retrieval algorithm by comparison with in Situ measurements is considerably more difficult for the altimeter. Chelton and McCabe [1985] , hereafter referred to as CM, recently proposed and implemented a new method for altimeter wind speed algorithm development. The new method assumes the wind speed in ms ' at 19.5 m above the sea surface is related to the normalized radar cross section o of the sea surface by the power-law model function
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Expressing a" in decibels, this can be written as a(dB) = lO [G + H log10 u193] This form of the model function is the same as that used for nadir measurements of o' by the Seasat scatterometer (SASS) [see Bogys, 1981 . For the Scasat altimeter (ALT), CM estimated the parameters G and H by least squares from a comparison of global 96-day, 2 latitude by 6 longitude spatial averages of ALT a° with vertically polarized, off-nadir SASS neutral stability wind speed at 19.5 m. The As discussed in CM, there were significant errors in the algorithm used by the Seasat Project to computec° from the altimeter receiver automatic gain control, satellite attitude angle and satellite height. Alternative algorithms have been proposed by L. Fedor and by D. Hancock. Both of these a' algorithms were evaluated by CM and found to perform equally well. The Hancock algorithm was chosen to be preferable because of its simpler form.
There are several weaknesses in the wind speed model function proposed by CM. The first is that the SASS data base used for "calibration" of the ALT a° measurements is known to be flawed. Wentz cc al. [1984] . CM and Woiceshyn ci al. [1986] have shown that there are a number of systematic errors in the so-called SASS-I algorithm used by the Seasat Project to retrieve wind speeds. These errors include an overall bias of about I rn/s in wind speed, an artificial cross-track gradient in winds, a substantial overestimation of low wind speeds, and data gaps for areas of light winds. In addition, the winds computed from horizontally polarized radar observations were inconsistent with those constructed from the vertically polarized observations. However, this polarization error does not affect the CM results because only vertically polarized winds were used in the analysis. The effects of cross-track biases are greatly reduced in the 96-day, 2 by 6 temporal and spatial averages which include individual wind speed estimates over the full SASS incidence angle range from 22 to 55g. However, the I ms -' bias is not eliminated in the temporal and spatial averages. Consequently, CM applied a 1 ms correction to the SASS data. This ad hoc correction is defensible on the basis of independent estimates by Wentz et al. [1984] and CM. In addition, postexperiment calibration in the JASIN experiment revealed that the "standard" wind recorder overestimated wind speeds by about 10%, corresponding to 1 ms for the 10 ms' winds typically observed in JASIN [Weller et al., 1983] . The final SASS wind speed algorithm was heavily tuned to the JASIN data, which probably explains the 1 ms bias in SASS winds. A second limitation of the CM ALT wind speed algorithm is that the 96-day, 2° by 6° temporal and spatial averaging resulted in SASS wind speeds limited to the range 4 to 14 ms' Wind speeds computed using the CM algorithm agree very well with SASS wind speeds in the temporal and spatial averages over this limited range of winds speeds. However, it
is not yet known whether the assumed power-law relationship between o and wind speed at satellite nadir is valid outside this range from 4 to 14 ms. Indeed, the scatter plot comparison of 96-day, 2° by 6° temporal and spatial averages of ALT and SASS wind speeds (Figure 16 of CM, reproduced here in Figure 6a using SASS wind speeds computed by the Wentz et al. [1986] algorithm) suggests that ALT estimates may be high for wind speeds above about 12-13 ms'. There is also a suggestion that ALT estimates are slightly high over the range 4 to 7 ms Finally, the CM wind speed algorithm is limited by the fact that it is derived only for very long temporal and large spatial averages. It is not yet known how well it performs on individual measurements.
In this paper, we propose a new method for deriving an ALT wind speed model function. This new approach is analogous to that used by Wentz et al. [1986] to determine the relationship between the SASS nadir o and wind speed. By applying this method to the ALT measurements, the three limitations in the CM algorithm development are eliminated. The technique is based on comparisons between instantaneous ALT measurements of nadir cz° and the nearest off-nadir SASS measurements of wind speed, corresponding to an incidence angle of 24°, or about 200 km separation on the sea surface from satellite nadir. Because of this rather large spatial separation, we do not expect exact agreement between individual nadir ALT and 24° incidence angle SASS wind speeds.
Differences between SASS estimates of wind speed at 24°i ncidence angle and the actual wind speed at satellite nadir are attributable to (I) errors in the SASS estimate of wind speed, and (2) differences between actual winds at 24 incidence angle and nadir. In view of the previous efforts by Wenrz et al, [1984, 1986] to remove systematic errors in the SASS winds, we believe the first source of differences to have a mean of zero when averaged globally over the 3-month Seasat mission. The second source of differences will also have a mean of zero when averaged globally over 3 months. Thus, the total differences between off-nadir SASS wind speed estimates and actual winds at nadir will be random with a zero mean. The method is therefore essentially equivalent to comparison of ALT measurements of nadir a' with in situ measurements of wind speed. To the extent that SASS wind speeds are accurate on the average, the resulting model function for ALT wind speeds will also be accurate on the average.
METHOD
As discussed in section 1, the SASS wind speeds generated by the Scasat Project using the SASS-I wind speed algorithm [see Boggs, 1981; Jones et al., 1982] arc known to contain a number of systematic errors. These errors are discussed extensively in Wentz et al. [1984] and Woiceshyn et al. [1986] and SASS winds must be corrected in order to develop an ALT wind speed model function using the method proposed in this paper. Wentz et al. [1986] developed a new algorithm for SASS wind speed retrieval which is particularly appealing, in that it is based only on the assumptions that (1) wind speeds over the global ocean are Rayleigh distributed, (2) the average global wind speed is 7.4 ms ', (3) wind directions over the global ocean measured relative to SASS antenna pointing angle are evenly distributed over all angles from -l8O to 180°. The retrieval of wind speed (which is the only wind parameter of interest in this paper) is not sensitive to the validity of the third assumption. The second assumption was rationalized on the basis of July, August and September data in the U.S. Navy Marine Climatic Atlas [Naval Oceanography Command Detachment, 1981] .
One of the most attractive aspects of this SASS wind speed algorithm is that it was derived without the use of any in situ data. The performance of the algorithm can thus be independently tested by comparing the resulting SASS estimates of wind speed with in situ measurements. This comparison has been made by Wentz et al. [1986] based on 1623 matches with NDBO buoy measurements within I hour and 100 km of the SASS measurements. The rms discrepancy between these two measures of wind speed was 1.6 ms j, with a small overall bias of 0.1 ms '. The buoy wind speeds in this comparison ranged from 0 to 17 ms1. In comparison, when both vertically and horizontally polarized data arc included, the SASS-i algorithm gives a bias of t.08 ms' and an rms error about this bias of 2.30 ms when compared with the same set of buoy measurements. The better performance of the Wentz et al. [l986] algorithm is particularly impressive in view of the fact that it was developed independent of any in situ data.
On the basis of these results, we feel that development of an ALT wind speed model function using SASS wind speeds generated by the Wenr2 et al. [1986] algorithm is far superior to the use of wind speeds generated by the SASS-i algorithm.
The approximate measurement geometry for LT and SASS measurements of wind speed is shown in Figure 1 . The Seasat altimeter transmitted a nadir-directed short pulse of 13.5 0Hz microwave radiation from an antenna with 1.59°b eamwidth. For altimeter measurements of sea surface elevation and significant wave height, the pulse length determines the effective footprint size on the sea surface [see Stewart, 1985] . However, o° is determined from the automatic gain control which drives the sum of 63 discrete samples of the return signal to a constant value [Townsend, 1980] . Sixty of the sample gates are separated by 3.125 ns with the additional three gates half way between gates 29, 30, 31 and 32. The altitude tracker in the altimeter electronics package centers mean sea level at gate 30.5. Thus, the footprint of the spherically expanding altimeter pulse projected on mean sea level is determined by the area covered over the time interval from gate 30.5 to gate 60 (a total of 92.19 ns). This gate-limited footprint corresponds to a circle with diameter 9.5 km. considerably smaller than the full 22 km footprint corresponding to the 1.59° antenna beamwidth. Thus, the return power measured over the 60 gates is less than the total power returned from the transmitted pulse.
ALT measurements of a° were averaged over 1 sec ( a total of 1020 individual pulses), during which time the 9.5 km circular footprint moves 6.7 km along the satellite ground track. For the purpose of comparing the ALT measurements with the SASS measurements of radar cross section and wind speed, the ALT measurements were averaged over a 50 km segment of the subtrack. This 50 km ALT bin, which consists of about 7 ALT footprints, is shown in Figure 1 .
The Seasat SASS used a different method for measuring winds at the sea surface. Thorough discussion can he found in Moore and Fung [1979] , Barrick and Swift [1980] and Boggs [19811. Briefly, the SASS consisted of a pair of 14.6 GHz fan beam antennas on each side of the spacecraft oriented 45°( forward) and 135° (aft) relative to the satellite ground track. The cross-beam width of each antenna was 0.5. Backscattered radiation was averaged from 61 pulses over a time period of 1.89 s, during which the antenna footprint moves along track a distance of about 12 km on the sea surface. The resulting effective footprint size for the 61 pulse average SASS measurements from a single antenna thus ranged from approximately 16 to 23 km in the cross-beam direction, depending on incidence angle [see Boggs, 1981] .
The along-beam footprint size for SASS was determined by Doppler filtering the backscattcrcd microwave radiation.
Doppler frequency range gates were chosen to break the backscattered signal up into a total of 15 cells with along beam dimension ranging from 50 to 70 km, depending on incidence angle and differing by a small amount for ascending and descending satellite orbits [see Boggs, 1981] . Three of these cells were located in the near-nadir regime centered at incidence angles of 0°, 4° and 8°. The remaining 12 cells were located in the off-nadir regime ranging from incidence angles of 22° to 65°.
The physics of radar backscatter is very different for the nadir and off-nadir regimes. In both regimes, backscatter is dependent on wind speed. There is also a wind direction dependence in the off-nadir regime which does not exist at nadir [see Moore and Fung, 1979. Barrik and Swift, 1980] . Retrieval of both wind speed and direction in the off-nadir regime requires that measurements from the forward and aft antennas be combined in order to separate wind speed effects from wind direction effects on the backscatter. To aceomplish this, Wentz el al. [1986] binned the SASS measurements into 100 km square cells. For the 24° incidence angle off-nadir cell, the time difference between the forward and aft measurements was about I mm. Figure 1 shows one such cell on the starboard side of the subtrack. Associated with this 100 km SASS wind cell are two 50 km along-track averaged ALT cells.
There is considerable evidence that accurate estimates of Fig. 1 . Approximate geometry of illumination patterns on the sea surface for the Seasat altimeter (ALT) and starboard 24° incidence angle scalterometer (SASS). ALT measurements were averaged into 50 km along-track bins, whereas SASS a measurements were averaged into 100 km square cells before computing wind speeds. Thus, each SASS wind cell is associated with to consecutive ALT averages as shown. Heavy and thin lines represent footprints included in two successive 50 km along-track ALT averages.
wind speed can be obtained from SASS measurements in the off-nadir regime. This evidence is based on extensive aircraft experiments prior to the launch of Seasat, aircraft underflights during the Seasat mission, and direct comparisons with high quality in situ measurements (see Boggs [1981] and Schroeder et al. [1982] for summaries of the evolution of the SASS-i wind speed algorithm). By comparison, evidence for the accuracy of wind speed retrievals from backscatter measurements in the nadir regime is relatively scant. For these reasons, CM proposed using off-nadir SASS measurements of wind speed as "calibration data" to derive a model function for wind speed estimation from ALT measurements of nadir c°. The temporal and spatial averaging technique used by CM limited the average SASS wind speeds to the range 4-14 ms'.
We propose a new method of utilizing off-nadir SASS estimates of wind speeds to develop an ALT wind speed model function. The method averages ALT measurements of c° into 50-km bins in the along-track direction as shown in Figure 1 . These averaged ALT measurements are then compared with wind speeds estimated from the nearest off-nadir 100 km binned SASS cells. This technique has been used previously by Wentz et al. [1986] to develop a wind speed model function for nadir SASS measurements of°. The total number of ALT vs. off-nadir SASS comparisons, using only SASS measurements from the starboard side of the spacecraft, is about 241,000. Port side SASS data were intentionally not used here to develop the ALT wind speed model function in order to retain an independent data set for ALT model function verification. The dynamic range of the individual starboard SASS wind speeds was 0 to 21 ms ',considerably larger than the 4 to 14 ms dynamic range obtained by the temporal and spatial averaging method of CM. The technique proposed here thus yields an ALT wind speed model function which is applicable over a much broader range of wind speeds.
The obvious questionable aspect of this technique is how the 24° incidence angle separation (corresponding to 200 km on the sea surface) between the ALT and SASS data affects the comparison. In addition to random measurement errors, the true wind speed differs at locaions separated by 200 km due to short spatial scale variations in the wind field. How- ever, on average over many comparisons, we expect these true geophysical variations to be random, and thus effectively equivalent to random measurement errors.
To test this hypothesis, we compared starboard and port SASS estimates of wind speed at 24° incidence angles. This corresrionds to a spatial separation of approximately 400 km (twice the separation of nadir ALT and nearest off-nadir SASS measurements). Starboard and port SASS wind speed pairs were stratified into 0.5 ms bins according to the average of the two wind speeds. The average starboard minus port wind speed for each bin is shown in Figure 2 . The dashed lines show the one standard deviation error bars about the averages for each bin. As expected, the figure shows that the average difference between starboard and port wind speeds is very small with typical standard deviations of around 2.7 ms within each bin. For wind speed below 13 ms_t the average difference is between 0.17 and 0.15 ms'. For wind speeds above 13 mr', the port wind speed is, on the average, 0.3 ms higher than the starboard wind. This small offset is due to the high wind speeds in the southern hemisphere Westerlies (40°S to 65°S). In this region, the Seasat orbit was such that the port cell was always farther south than the starboard cell and thus sampled a higher wind speed on average. Simulations using SASS-derived wind fields show that this latitude wind gradient effect, when averaged globally, produces about a 0.3 m/s bias between the port and starboard 24° incidence angle cells for the high wind speed bins, which agrees with the results shown in Figure 2 .
We conclude that both measurement error and geophysical "error" are indeed random over large numbers of measurement pairs, even when separated by 400 km. Note that a standard deviation of 2.7 ms corresponds to "errors" of 1.9 ms in individual measurements (assuming that the total rms difference of 2.7 ms 1 is equally partitioned between port and starboard wind speed errors and that the errors are Uncorrelated between port and starboard estimates). As discussed previously, part of this random error represents true differences in the wind speed measurements separated by 400 km.
CHELTON AND WENrz: ALm4ntR WIND SPEED ALGORiTHM
We point out that the presentation in Figure 2 [previously used by Wentz er al. 1986 ] is preferable to the usual method where port SASS wind speed estimates are plotted against starboard SASS wind speed estimates. The conventional method results in inherent biases at high and low starboard SASS wind speeds. For example, consider a very low wind speed at starboard incidence angle of 24°. Due to mesoscale variations in the wind field, it is likely that the wind speed at port incidence angle of 24° at the same time will be somewhat higher. Similarly, when starboard wind speed is very high, contemporaneous port observations are likely to be somewhat lower. Averaging port and starboard wind speeds, as in the abscissa of Figure 2 , eliminates this undesirable bias.
A good ALT wind speed algorithm should show results similar to those shown in Figure 2 , i.e., a zero mean difference between ALT and SASS wind speeds when the difference is plotted vs. the average of ALT and SASS wind speeds. We used an iterative procedure to find a relationship between ALT a° and wind speed that satisfied this criterion. We started by using the CM model function discussed in the Introduction as a first guess for the relation between wind speed and ALT measurements of a°. As in CM, we used the Hancock algorithm for c°. The final wind speed model function was then developed in tabular form using the following iterative technique:
I. The first guess CM model function was converted to tabular form for a° steps of 0.2 dB. Each table entry is the wind speed for the corresponding value of c°.
ALT measurements of a° were averaged along track over 50 km as discussed previously. The average a° was then converted to wind speed by linear interpolation from the tabular model function.
The resulting ALT estimate of wind speed was compared with the nearest 100 km average starboard SASS estimate of wind speed at 24° incidence angle. The average of the ALT and SASS wind speeds was computed to determine the appropriate average wind speed bin at intervals of I ms'.
The ALT minus SASS wind speed difference was then used to accumulate statistics for the corresponding average wind speed bin.
Steps 2 and 3 were repeated for all paired ALT and 24°i ncidence angle starboard SASS wind speeds. Observations with high atmospheric liquid water content, as determined from the Seasat scanning multichannel microwave radiometer, were not included. The resulting totaL number of paired ALT and SASS observations was 241,000.
The overall average ALT minus SASS wind speed was determined for each average wind speed bin. For the first iteration using the CM algorithm in tabular form, many of the bins showed significantly nonzero mean wind speed differences (particularly at high wind speeds). To the extent that the SASS wind speeds are correct, these non-zero mean wind speed differences represent systematic errors in the CM algorithm. To remove these systematic errors, the model function table entries at 0.2 dB steps were adjusted by linear interpolation by half the amount required to give a zero value for the wind speed difference for each average ALT and SASS wind speed bin.
Steps 2-5 were then repeated using the new adjusted tabular model function. This iterative procedure was repeated until the binned estimates of ALT minus SASS wind speed converged to zero for each average wind speed bin. The number of iterations required was typically about 5. The tabular model function derived using the method described in section 2 is given in Table 1. Table values are given in column 2 for a° (computed by using the Hancock algorithm; see Chelton and McCabe [1985] ) in steps of 0.2 dB from 8.0 to 19.6 dB. This corresponds to wind speeds ranging from a high of about 21.04 ms"1 to a low of about 0.01 ms'. Tabular values outside of this range were deemed to be unreliable because of the small number of ALT observations less than 8.0 dB arid greater than 19.6 dB. This tabular model function is shown by the small dots in Figure 3 in the usual graphical form with wind speed on the abscissa and c° on the ordinate. The smoothness of this model function relating° to wind speed is rather remarkable.
It is pointed out in CM that abrupt discontinuities in the slope of any wind speed model function lead to very undesirable results. To assure a smooth model function, the tabular values were smoothed several times with three-point 1-2-1 triangular weighted running average. In addition, although tabular a° values are limited to the range from 8 to 19.6 dB, values of c° exceeding 19.6 dB are assumed to correspond to zero wind speed. The high wind speeds (greater than 21 ms'') corresponding to values of c° less than 8.0 dB are determined by linear extrapolation from the first two table entries. The resulting final ALT wind speed model function is given in column 3 of Table I and shown by the continuous curve in The performance of this model function is shown in Figure   4 . Starboard SASS wind speed at 24° incidence angle and ALT wind speed (determined by linear interpolation from the smoothed table) pairs were stratified into 0.5 ms bins according to the average of the two (as in Figure 2 ). The average ALT minus starboard SASS wind speed for each bin, together with I standard deviation error bars, is shown in Figure 4a . Recall that only starboard SASS wind speeds were used to derive the ALT wind speed model function. A similar plot comparing port SASS measurements at 24° incidence angle with ALT estimates is shown in Figure 4b . For both port and starboard comparisons, the bias in ALT wind speeds is very small (generally less than 0.15 ms ) over the full range from 0 to 20 ms 'The standard deviation of ALT minus SASS wind speeds is typically around 2.5 to 3.0 ms '. The small bias at the high wind speeds for the port comparisons is due to the southern hemisphere latitudinal wind gradient effect discussed in section 2.
shown by the dotted curve. The SASS histogram is smoother than the ALT histograms because of the much larger number of individual SASS samples over the full range of incidence angles. The new tabular algorithm produces a histogram that is in closer agreement with the SASS histogram than does the CM algorithm.
Finally, the performance of the tabular model function can be tested through a comparison of temporally and spatially averaged ALT and SASS wind speeds, as in CM. A scatter plot of 96-day, 2° latitude by 6° longitude averages is shown in Figure 6b . The tabular model function eliminates the suggestion of an overestimate of high wind speeds by ALT obtained using the CM model function (see Figure 6a ). The tabular model function also eliminates the slight overestimate of wind speeds in the range from 4 to 7 ms 
MEASUREMENTS OF NADIR 7°A
question of important concern is the general applicability of the ALT wind speed model function presented in section 3.
Future satellite altimeter missions will encounter the same difficulties with collection of an adequate high quality in situ data base for calibration of the wind speed algorithm. It is tempting to simply apply wind speed algorithms developed for previous altimeter missions. Indeed, this was the approach Figure 3 . It is evident that the two model functions agree very closely for wind speeds up to about 14 ms the CM estimates are slightly low for wind speeds lower than about 1.5 ms', and slightly high for wind speeds from about 1.5 to 7 ms'. At wind speeds greater than 14 ms, the two model functions diverge rather dramatically. Since the CM model function was based only on wind speeds in the range 4 to 14 ms', it is clearly unreliable at higher wind speeds. The results presented here suggest that at high wind speeds the aC dependence on wind speed at satellite nadir differs significantly from the simple power-law relation discussed in the Introduction. From Figure 3 , a power law relation would overestimate wind speed for small values of o' (values less than about 9.5 dB). A similar deviation from a constant power law model function was found by Wentz et at. [1986] for nadir SASS measurements of a°.
There are two other comparisons that can be made between ALT wind speeds estimated using the CM model function and the new model function proposed here. Histograms of wind speeds generated from the full Seasat ALT data set are shown by the solid and dashed curves in Figure 5 for the tabular and CM model functions, respectively. The histogram of all offnadir SASS winds for incidence angles from 24° to 55° is At nadir, a is determined predominantly by the surface roughness which is related to the wind speed at the sea surface. In addition, the returned power is clearly dependent on the area on the sea surface illuminated by the antenna. This dependence on illumination area can be eliminated by dividing the scattering cross section by the area of the antenna footprint to obtain the normalized radar cross section a°. The purpose of this rather detailed discussion is to point out that a" is dependent only on the scattering properties of the sea surface, and not on the area illuminated by the antenna. Thus, although the individual nadir sea surface footprints of the ALT and SASS radars are very different, they should give the same value of a" if the winds are constant and the same over the ALT and SASS footprints. In the more general case where the winds vary over the ALT and SASS footprints, the two values of a" may differ. However, in an average sense over many comparisons, the difference between ALT and SASS nadir a° should be zero.
Recall from section 2 that the gating method used by ALT to measure the return power R includes only a portion of the total returned power. The (unnormalized) scattering cross see-(ion a is therefore smaller than the value that would be obtained if the total return of the transmitted power P.s. were measured. However, this difference is evidently offset in the calculation of the normalized scattering cross section a° by use of the gate-limited footprint area rather than the antenna beam-limited footprint area. Thus, ALT measurements of a" should be equivalent to the values that would be obtained if the total return power were measured and the resulting scattering cross section a normalized by the beam-limited footprint area.
As discussed previously, each individual ALT measurement at I sec intervals (which actually consists of an average over 1020 individual pulses) is approximately a circle with 9.5 km diameter stretched 6.7 km in the along-track direction (a total area of 135 km2). SASS nadir measurements at 1.89 sec inter- [see Bogys, 1981] . To reduce noise inherent in individual measurements, we compared ALT and SASS measurements of nadir a' averaged over 50 km in the along-track direction. These 50km averages contain a total of about 7 ALT measurements and 4 SASS measurements (one for each of the four antennas, switched at time intervals of 1.89 s). In these averaged measurements, the total areas illuminated are thus about 945 km2 and 3456 km2; the area sampled in these 50 km averages along the satellite subtrack is thus about 4 times larger for SASS than ALT. As noted previously, the two values of 50-km averaged a' should be the same if the winds were constant over the areas sampled by the two sensors. In general, ALT and SASS measurements of a' will differ due to mesoscale variability in the wind field but this difference should be zero in an average sense over many comparisons.
In Figure 7 , the differences between ALT and SASS 50 km averaged a' are plotted vs. the average ALT and SASS a'.
These differences represent global averages over 3 months for 0.5 dB a' bins from 7 to 22.5 dli. It is clear from the figure that there are systematic differences between ALT and SASS measurements of nadir a'. For a' less than 9.5 dli, ALT estimates are higher than SASS estimates by as much as 0.5 dli. For a' greater than 9.5 dli, ALT estimates are low by about 0.5 dB.
While a constant relative bias between ALT and SASS measurements of a' (such as in the region in Figure 7 where a' is greater than about 10.5 dB) could easily be explained as a simple calibration error, systematic differences which vary with a' are very difficult to explain. They must be due either to (1) incorrect prelaunch calibration of either or both the ALT and SASS; or (2) crrors in the algorithms used to determine a' from parameters measured by the instruments (automatic gain control for ALT and voltage for SASS).
We have been unable to identify the source of error for Seasat data. The ALT method of measuring a' is the most suspect since it uses a gating method to measure only a portion of the total return power. To see how this might affect estimation of a', it is necessary to understand the rather cornplex procedure used to determine a'. ALT transmits a square pulse of electromagnetic radiation toward the sea surface and measures the return power as a function of time. After the leading edge of the pulse strikes the sea surface, the footprint consists of an expanding circle with area that can be shown to increase linearly with time until the trailing edge of the pulse reaches the sea surface. Alter this time, the footprint consists of an expanding annulus with constant area. Thus, the returned power increases linearly with time and then becomes constant. (The returned power actually decreases with time in the constant 'plateau region" due to the gain on the sides of the main lobe of the antenna.) The leading edge of the linearly increasing return power signal is further stretched due to early returns from wave crests and later returns from wave troughs. Indeed, the slope of the leading edge of the return is used to estimate significant wave height [see Fedor and Brown, 1982] .
The on-board altitude tracker defines mean sea level to be the point on the stretched leading edge of the return signal where the power is half that of the maximum in the plateau region. This point on the return is then assigned gate 30.5 in a set of 60 gates separated by 3.125 ns with additional gatcs at 29.5, 30.5 and 31.5. Since the total gate-limited return power is effectively normalized by a fixed area (corresponding to 9.5 km circular footprint) to determine a' from ALT, any systematic errors in this identification of mean sea level would lead to systematic errors in the computation of a'. For example, suppose the tracker mistakenly identified mean sea level and that the true mean sea level occurred at gate 29 in the 63 gated samples of the return power. Then the total power computed by the sum over gates I through 60 would be about 6.7% higher than if mean sea level were properly assigned to gate 30.5 due to a greater amount of return in the plateau region (2 gates more than would be obtained if the returned power wave form were shifted by 1.5 gates to correctly locate mean sea level at gate 30.5). This could, in principle, be compensated for in the computation of a' by normalizing by the gate-limited area covered from gate 29 to gate 60 rather than by the fixed area covered from gate 30.5 to gate 60. Note that such systematic tracker errors would also affect sea surface elevation estimates by ALT. Born at al. [1982] and Douglas and Agreen [1983] have presented evidence that the tracker identification of mean sea level is biased low by an estimated 7% of the siginificant wave height. This bias is due to the combination of an electromagnetic bias caused by a greater return from wave troughs and by the non-Gaussian distribution of wave heights on the sea surface (peaked wave crests and flatter troughs), resulting in a greater fraction of the total returned power backscattered from wave troughs. A correction of 7% was applied to ALT measurements of sea surface elevation to remove these effects. It appears that no such correction was applied to the calculation of a'.
This error in the tracker identification of mean sea lcvel is small and it is difficult to determine the exact effect it would have on the calculation of a'. We note, however, that a negative bias in the tracker identification of mean sea level means that true mean sea level occurs in some gate earlier than gate 30.5 as in the example above. Thus, ALT estimates of ci' would be biased due to the presence of waves on the sea surface. Since large waves are generally associated with strong winds (i.e., smaller values of nadir a°see Figure 3) , this suggests that ALT estimates of a' would be biased higher for low values of a'. This is consistent with the results shown itt Clearly, this is an issue that merits further investigation as problems inherent in Scasat data arc likely to recur in future satellite missions. For purposes of the presentation here, we conclude that (I) the possibility of an error in the ALT estimation of 0° should be examined in greater detail, and (2) caution must be exercised if the ALT model function presented in section 3 is applied to altimeter measurements of 0° from future satellite missions such as Geosat or TOPEX. Although order 0.5 dB relative biases are small, it can be seen from Figure 3 that they can lead to significant errors in estimates of wind speed, particularly at high wind speeds.
RELEVANCE TO GEOSAT
The U.S. Navy recently launched a geodedic satellite Geosat. A Seasat-class altimeter onboard Geosat has operated nearly continuously since March 1985 and has been designed with an expected operational lifetime of at least 3 years. Although sea surface elevation measurements from the Geosat altimeter are classified for the first 18 months of the mission, wind speed estimates will be publicly available from the U.S. Navy. 'Ihese are the only satellite-measured winds available until at least late 1986 when a passive microwave radiometer will be launched on the next in a series of satellites in the Defense Meteorological Satellite Program. Niiler [1985] has proposed using Geosat ALT wind speeds to study oceanatmosphere latent heat flux (evaporation). It is therefore important to discuss the relevance of the results of this paper to ALT winds from Geosat.
The results of CM were available to the U.S. Navy prior to the launch of Geosat. Goldhirsh and Dobson [1985] evaluated the CM model function and the earlier Brown et al. [1981] three-branch model function. Arguing that the CM model This fifth-order polynomial model function is shown in Figure 8 . Because of the limited in situ data used to develop the original Brown et al. [1981] model function, the Galdhirsch and Dobson [1985] smoothed version is applicable only over the range indicated by the heavy continuous curve. The dashed portion of the curve is an extrapolation of the filthorder polynomial for 0° values less than 7 dB and greater than IS dB. It is apparent that this model function is incapable of producing wind speeds in excess of 21 ms '. In addition, the relation between 0° and wind speed in nonunique; the same wind speed can be produced from more than one value of 0°. For small values of 0° (corresponding to high wind speeds), these multiple solutions will not be much of a problem (although the corresponding wind speeds will be significantly underestimated, see Figure 8 ), since very few ALT measurements of a° were less than 7 dB. However, a substantial number of ALT measurements of 0° were greater than 15 dB. The performance of the Go!dhirsh and Dobson [1985] model function at high values of 0° will result in significant overestimates of low wind speed. between 96-day, 2° latitude by 6° longitude averages of ALT measurements of the normalized radar cross section 00 and off-nadir SASS measurements of wind speed. The resulting model function assumed a simple power-law dependence of 00 on wind speed, similar to that suggested previously by Guinard et al. [1971] and Barrick [1974] and adopted by the Seasat Project for nadir SASS measurements of 00 [Schroeder e aL. 1982] . The limitation of this model function derived by Chelton and McCabe is that it was based on comparisons over the restricted range from 4 to 14 msIn this paper, we have proposed a new model function for ALT estimates of wind speed. This new model function is also based on comparisons between ALT measurements of 00 and SASS off-nadir measurements of wind speed (we used wind speeds produced by the Wentz et al. [1986] algorithm). However, rather than temporally and spatially averaging the data as in Chelton and McCabe [1985] , the comparisons are based on 50 km along-track averages of contemporaneous measurements of ALT 00 at nadir and starboard SASS measurements of wind speed at 24° incidence angle. These measurements are spatially separated by approximately 200 km so that differences in ALT and SASS wind speed are due to both measurement error and short spatial scale variability in the true wind field. Over many comparisons, the average of these two "error" sources is zero.
The resulting model function was developed in tabular form for measurements of 00 from 8.0 to 19.6 dB in steps of 0.2 dB (see Table 1 ). Measurements of 00 are converted to wind speed by linear interpolation of the table values; values of 00 exceeding 19.6 dB arc assigned zero wind speed and wind speeds for values of r° less than 8.0 dB are determined by linear extrapolation of the first two entries in the table. This tabular model function is valid for wind speeds from 0 to 21.1 ms A plot of this tabular model function (Figure 3) indicates that the power law relation for a° assumed by Chelton and McCabe [1985] is quite accurate for wind speeds up to 14 ms. At higher wind speeds, the tabular model function shows that o° drops off more quickly than the power-law relation, in agreement with results previously derived for SASS nadir 00 by Went; . It was shown in section 4 that the tabular model function improves the comparison between temporally and spatially averaged ALT and off-nadir SASS wind speeds.
It is well to keep in mind that, since the ALT wind speed model function developed in this paper was calibrated against SASS wind speeds generated by the Wen:z et al. [1986] algorithm, the overall accuracy of the resulting ALT winds is only as good as the accuracy of the SASS winds. Thus, if it is determined at some latcr date that there still remain some systematic errors in the SASS wind speeds, adjustments must be made to the tabular ALT wind speed model function presented in section 3. At present, there is no evidence for any significant systematic errors in the Wentz et a).
[1986] SASS wind speeds.
In an effort to evaluate the general applicability of the proposed tabular ALT wind speed model function, measurements of nadir 00 from the Seasat ALT and SASS were compared in section 5. It was shown that there are systematic differences between the two measurements of cr°. This is rather surprising since the two measurements should be the same. We have not been able to resolve the discrepancy. It may be due to errors in prelaunch calibration of either or both of the two radars. Alternatively, the discrepancy may be due to errors in the algorithms used to compute 00 from parameters measured by Finally, we re-emphasize that caution should be exercised when applying any wind speed model function (including the tabular model function derived in Section 3) developed for a previous satellite altimeter to measurements of t? from the Geosat altimeter. The results of section 5 suggest that the normalized radar cross section a° may differ from one radar antenna to another due to calibration and algorithm errors. Note that since the model function for converting 00 to wind speed is inherently nonlinear, a simple constant residual bias in 00 due to calibration errors will not give a constant bias in wind speed.
SUMMARY AND CONCLUSIONS
An earlier altimeter wind speed model function developed by Chelton and McCabe [1985] was based on comparisons the two sensors (automatic gain control for ALT and voltage for SASS). ALT is the most suspect because of the complex method used to estimate a. On the basis of the results of section 5, caution should be exercised in application of the Seasat ALT wind speed model function to measurements from microwave radars on other satellites. Furthermore, the possibility of an error in the algorithm used to estimate a'° from ALT should be further investigated.
In section 6 we discussed the relevance of the results of this paper to the altimeter on the U.S. Navy satellite Geosat launched in March 1985. Since there are plans to utilize wind speeds from the Geosat altimeter to study ocean-atmosphere latent heat flux [Niiler, 1985] , careful attention must be given to the model function used to estimate wind speed. It was shown in Section 6 that the model function recommended by Goldhirsh and Dobson [1985] has several undesirable properties and should not be adopted as a general model function. We feel that the tabular model function proposed in section 3 is preferable.
One final important question is whether wind fields constructed from ALT data will be sufficiently accurate for studies of ocean-atmosphere latent heat flux (evaporation). The geographical region of primary interest for latent heat flux study is the tropical ocean, from 30°S to 30°N. These studies require a wind speed accuracy of 1.4 ms' in 2 longitude monthly averages [Niller, 1985] . In section 4, we showed that 2° latitude by 6° longitude averages of ALT wind speeds over the full 96-day Seasat mission agree with average SASS wind speeds to within 0.8 ms Since ALT measured winds over a narrow "swath" width of 9.5 km, compared with a 1500 km swath width for SASS, spatially and temporally averaged wind fields constructed from ALT data are subject to greater errors from sampling variability. These errors increase with decreasing averaging periods and decreasing averaging areas.
A scatter plot of 2° by 2°, monthly average ALT vs. SASS wind speeds (constructed in the same manner as the 96-day averages in Figure 6 ) is shown in Figure 9 . The 30-day period selected here is September 10 to October 9, 1978, which corresponds to the Seasat 3-day repeat orbit period when satellite ground tracks mapped out a grid on the sea surface with approximately 900 km spacing at the equator. This orbit closely resembles that which Geosat will maintain after the first 18 months of the mission. From Figure 9 , monthly average wind fields in the tropics constructed from ALT data agree with SASS wind fields to within 1.10 ms. A similar comparison of 2° by 2°, monthly averages over the global ocean yields an rms difference of 1.40 ms The increased rms difference when all latitudes are included is, at least in part, due to greater sampling error for the ALT wind speeds due to larger temporal variability of winds outside the tropics. There is a small but significant bias between the ALT and SASS winds for this 30-day period. In the global comparison, ALT winds are about 0.4 ms' higher than the SASS winds for these 30 days of the Seasat mission. At present, it is not known whether this bias is an artifact of sampling variability or an unexplained temporal change in the relation between a° and wind speed.
